Abstract: Widely spread in Gram-negative bacteria, the type VI secretion system (T6SS) secretes many effector-immunity protein pairs to help the bacteria compete against other prokaryotic rivals, and infect their eukaryotic hosts. Tle5 and Tle5B are two phospholipase effector protein secreted by T6SS of Pseudomonas aeruginosa. They can facilitate the bacterial internalization process into human epithelial cells by interacting with Akt protein of the PI3K-Akt signal pathway. Tli5 and PA5086-5088 are cognate immunity proteins of Tle5 and Tle5B, respectively. They can interact with their cognate effector proteins to suppress their virulence. Here, we report the crystal structure of Tli5 at 2.8Å resolution and successfully fit it into the Small angle X-ray scattering (SAXS) model of the complete Tle5-Tli5 complex. We identified two important motifs in Tli5 through sequence and structural analysis. One is a conserved loop-b-hairpin motif that exists in the Tle5 immunity homologs, the other is a long and sharp a-a motif that directly interacts with Tle5 according to SAXS data. We also distinguished the structural features of Tle5 and Tle5B family immunity proteins. Together, our work provided insights into a novel inhibition mechanism that may enhance our understanding of phospholipase D family proteins.
Introduction
The bacterial type VI secretion system (T6SS) utilizes many toxic effectors to gain advantage over inter-bacterial competition and eukaryotic host infection. 1 Meanwhile, the cognate immunity proteins of these effectors are employed to protect themselves from the virulence.
(Hcp) secretion islands (H1, H2, and H3-T6SS) that involved in various interactions with other organisms. 3 Many different effector and immunity pairs (E-I pairs) are secreted. At present, the mostly studied E-I pairs are H1-T6SS secreted proteins Tse1-3 and Tsi1-3, which play different roles in various aspects of inter-bacterial competition. [4] [5] [6] [7] H2-T6SS secretes effectors Tle1-Tle5 which belong to the phospholipase superfamily. These phospholipase effectors hydrolyze plasma membrane lipids by attacking different bonds in phospholipids. 8 Tle1-Tle4 have conserved G-X-S-X-G (where X denotes any residue) motifs and exhibit phospholipase A1 or A2 (PLA1 or PLA2) activity, whereas Tle5 contains two conserved H-X-K-X-X-X-X-D (HKD) motifs and exhibits phospholipase D (PLD) activity. 9 Apart from the conserved catalytic motifs, Tle1-Tle5 show no sequence similarities to any known lipases, indicating they may possess distinct mechanisms in substrate-recognition or regulation. 9, 10 Tli1-Tli5 are cognate immunity proteins of Tle1-Tle5. The genes of tli-tli5 are adjacent to their effectors' genes and these immunity proteins are targeted to the periplasm in order to protect the cell from the virulence of phospholipase effectors. 3, 9 H3-T6SS encodes an effector protein that also contains dual HKD motifs with PLD activity. 3 Researchers named H2-T6SS secreted PLD effector Tle5 (PA3487) as PldA, whereas H3-T6SS encoded PLD effector Tle5B (PA5089) as PldB. 3 They are two "transkingdom" effectors because they can interact with both prokaryotic and eukaryotic cells. 3 Tle5 and Tle5B
facilitate the internalization of P. aeruginosa into human epithelial cells via the PI3K/Akt pathway. 3, 11, 12 Therefore, they are deemed as key effectors for the virulence of P. aeruginosa toward human beings. There are several differences between these two PLD effectors. Tle5 and Tle5B share poor sequence similarity and belong to different clades of phylogenetic tree. 3, 9 Tle5 is more homologous with eukaryotic PLDs, which is distinct from Tle5B phylogenetically. Besides, Tle5 has only one cognate immunity protein Tli5 (PA3488), whereas Tle5B has three identical immunity protein PA5086, PA5087, and PA5088. 3, 13 Tli5 cannot suppress the virulence of Tle5B and PA5086-5088 cannot inhibit Tle5's toxicity. We have previously solved the crystal structures of P. aeruginosa Tle5B immunity proteins PA5088 and PA5087 and found that they were featured in super-ring folds formed by consecutive Sel1-like repeats (SLRs). 13, 14 Here, we present the crystal structure of P. aeruginosa Tli5 at 2.8Å resolution. The structure of Tli5 is quite different from the immunity protein of Tle5B but resembles Tli4 which immunes the effector Tle4 of P. aeruginosa. 10 Our sequence and structural analysis have shed light on the relationships among these phospholipase and their immunity proteins. Our small angle X-ray scattering (SAXS) analysis of Tle5 and Tle5-Tli5 complex showed a novel inhibition mechanism between E-I pairs secreted by T6SS.
Results

Overall structure of Tli5
The structure of Tli5 takes the form of a crab claw, containing 4 a-helices and 18 b-strands [ Fig. 1(A) ]. A long set of antiparallel b-strands (b4-b9, b13-b18) form the central b-sheet sandwiched by several loops and another small antiparallel b-sheets (b1,b2 and b10-b12). Two long a-helices a1 and a2 form a "sharp sword" located at one side of the structure. Residues 129K, 130S, 131E, and 132E connecting a1
and a2 are missing in the electron density map, suggesting its flexibility and leaving a short gap between the two protruding helices. The topology diagram of Tli5 is shown in Figure 1 (B).
Comparison with homologs
Sequence comparison of Tli5 with other T6SS PLD immunity proteins from different species resulted in two types of proteins. 15 Those proteins closely related to PA3488 in the phylogenetic tree have no obvious known motifs or domains, but they do have a conserved region of about 25 residues [ Fig. 2(A) ]. This conserved region located at the bottom of Tli5 structure, containing the loop between b10 and b11 and the b-hairpin form by b11-b12. The other type of PLD immunity protein features in several Sel1-like repeats, 16 which is more related to the immunity protein PA5087 and PA5088 of Tle5B (Fig. S2 ). Structural similarity search using DALI206 web server returned several proteins that share structural homology with Tli5. 17 The structure share the highest similarity with Tli5 is Tli4 (PDB: 4R1D chain B, Z-score: 17.4) from the same species. Although Tli4 and Tli5 shared only 11% sequence similarity, their structural alignment gave an RMSD of 4.4Å for 243 aligned residues [ Fig. 2(B) ]. The main difference between the structure of Tli4 and Tli5 is that Tli4 takes a more balanced conformation than Tli5. Tli4 could be divided into two similar subdomains that share similar topology and fold, whereas Tli5 is not so symmetric due to its long a1-a2 motif of the structure. Besides, there are more disordered loops in Tli5 than in Tli4, especially the long loop between b3 and b4 above the central bsheet [ Fig Due to the structural similarity between Tli5 and Tli4, we wondered whether Tli4 could immune Tle5 or Tli5 could interact with Tle4. We purified Tli4 with no his-tags and found that it couldn't bind 6his-tagged Tle5 through Ni 21 chelating column when co-purified. Since Tle4 is highly insoluble when overexpressed in E. coli and large amount of soluble Tle4 could only be obtained when coexpressed with Tli4, 10 and our attempt to co-express Tle4 and Tli5 failed to yield any soluble Tle4 (data not shown), we suggest that Tli4 and Tli5 could not cross-immune their effectors. Electrostatic potential analysis of Tli4 and Tli5 gave further proof to this suggestion. 18 According to the structural analysis of the Tle4-Tli4 complex,
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Tli4 interact with Tle4 via the concave surface of crab claw conformation. The main interaction regions are divided into two parts. One is the hydrophobic groove formed by a3 of Tli4 that could trap the lid domain of Tle4 through hydrophobic interactions, the other is the central b-sheet area that interact with Tle4 through hydrogen bonds and salt bridges [ Fig. 3(A) ]. However, in Tli5, no hydrophobic groove formation was found in the corresponding region and the central b-sheet area was blocked by the long loop between b3 and b4 [ Fig. 3(B) ], resulting in different electrostatic potential surfaces.
The conformation of Tle5-Tli5 complex in solution
Tle5-Tli5 forms a 1:1 heterodimer in solution according to size exclusion chromatography (Fig.  S1 ). To further investigate the interaction pattern between Tle5 and Tli5, SAXS experiment was performed to unravel the conformation of Tle5 and Tle5-Tli5 in solution. Experimental curves and plots of Tle5 and Tle5-Tli5 complex were shown in Figure  4 (A,B), respectively. Calculations using different models yielded similar profiles for Tle5 and Tle5-Tli5 complex and their typical GASBOR models were shown in Figure 4 (C,D), respectively. 19 Tle5 exhibited a "sedan car" shape in solution, with good central symmetry and no obvious protrusions. Whereas the Tle5-Tli5 complex had a "tail" located at one end of the "sedan car" conformation. After comparing with these two SAXS models, it is obvious to see that the extra tail-shaped structure belonged toTli5. On combining the Tli5 crystal structure with SAXS model, we found that Tli5 interacts with its cognate effector protein via the long a1-a2 helices motif. a1-a2 form a "sharp sword" that pierces into the belly of Tle5, whereas the rest of Tli5 fits perfectly into the "tail" of the SAXS model [ Fig.  4(E) ]. This interaction model between effector and immunity proteins has not been found elsewhere.
In order to test if the a1-a2 motif of Tli5 is truly responsible for interaction with Tle5, we truncated the N-terminal domain of Tli5 containing the a1-a2 motif. However, the truncated (154-376) Tli5 protein failed to yield any soluble products, not even coexpressing with Tle5 or adding a GST fusion tag. This may suggest that the N-terminal domain of Tli5 is important for the stability of the whole protein.
The electrostatic potential surface of the a1-a2 motif is highly electro-positive [ Fig. 3(C) ], especially the outer part that in contact with Tle5 in the SAXS model due to many lysine residues [ Fig. 3(D) ]. Since the N-terminal domain containing the a1-a2 motif shares very low sequence similarity with any other proteins in the database, it is possible that the immunity mechanism of Tle5 by Tli5 is unique. The conserved b10-b12 motif showed an electro-negative surface due to residue 211E, 214E, and 218E [ Fig. 3(E) ].
Discussion
Pseudomonas aeruginosa is one of the leading opportunistic pathogens in humans and its virulence relies on various effectors secreted by its versatile secretion systems. 20 As the only T6SS effectors that can infect both bacteria and humans, Tle5 and Tle5B were considered to be the key proteins for P. aeruginosa's colonization process into human cells. 3 Although Tle5 and Tle5B shared similar dual HKD catalytic motif and their functional studies against prokaryotic rivals and eukaryotic hosts did not show any obvious specificity, their cognate immunity proteins did showed much differences. Sequence analysis of Tle5 family identified two classes of immunity proteins. Those immunity proteins close to Tle5 in phylogenetic tree are characterized in a conserved b10-b12 motif, whereas those immunity proteins closely related to Tle5B contain several Sel1-like repeats, resulting in completely different structural conformations from Tle5 immunity proteins. The vast structural difference among those immunity proteins of Tle5 and Tle5B family imply that their cognate hosts may have major differences in their structures.
As the structure and topology of Tli5 and Tli4 are similar, we wondered if other Tle phospholipase family immunity proteins share similarities. A sequence alignment of Tli1-Tli5 from P. aeruginosa was performed, but they only share about 12% sequence similarities among each other (data not shown). Besides, the conserved b10-b12 motif sequence was not found in other genes except in Tli4. Why a PLA family immunity protein Tli4 share similar structure and conserved motif with a PLD family immunity protein Tli5, given that their cognate effector proteins were characterized in different catalytic motifs, is an interesting phenomenon to be further investigated. Although most of the Tle5 family immunity proteins contain a conserved b10-b12 motif, our SAXS model didn't favor the suggestion that this motif is the key region of interaction with their cognate effectors. Our finding indicated that the a1-a2 motif of Tli5 plays crucial part in the binding of Tle5, whereas the conserved loop motif may play part in other fields, such as anchoring functions. As the Nterminal domain of Tle5 immunity proteins showed little sequential homology among each other, it is possible that these immunity proteins may only suppress their cognate effector of the same species instead of suppressing a broad range of PLD effectors from different species.
Phospholipase D family proteins play important part in various biological process, such as membrane trafficking, cell invasion, cell growth, and apoptosis. 21 The phosphatidic acid produced by PLD is of great value in many fields. 22 Therefore, PLDs and PLD inhibitors have been an attractive topic in recent years. Our study provided a novel inhibition mechanism of PLDs through structural and SAXS analysis, and should aid future functional studies.
Material and Methods
Cloning and expression
The genes encoding Tli5 (without the N-terminal 19 signal peptide) and Tle5 (full length) were amplified from the P. aeruginosa PAO1 genomic DNA. The PCR product was cloned into the pGEX-6t vector with an N-terminal his-tag prior to the GST fusion tag and followed by a Tobacco etch virus (TEV) cleavage site. The plasmid containing the target genes were transformed into Escherichia coli BL21 (DE3) strain. Large cultures were induced at OD 600 5 0.6 with a final concentration of 0.5 mM isopropylb-D-1-thiogalactopyranoside (IPTG) and left to express at 289 K for 20 h.
Protein purification and crystallization
The cells containing the target proteins were pelleted and resuspended in buffer containing 20 mM Tris pH 7.5, 500 mM NaCl, and 1 mM phenylmethylsulfonyl Fluoride (PMSF). After sonication, the lysate was centrifuged at 15 000g for 40 min. The supernatant containing the soluble proteins was purified via affinity chromatography with nickelnitrilotriacetic acid resin (Bio-Rad, Hercules, CA, USA) and the 6-his-GST tag was removed by overnight hydrolysis with TEV protease and reloading with 20 mM imidazole. Tle5 and Tli5 were further purified by gel-filtration chromatography (Superdex 200, GE Healthcare, Marlborough, MA, USA) separately and together with buffer containing 20 mM Tris pH 7.5, 150 mM NaCl (Fig. S1 ). The purified proteins were collected and ultra-filtered to 10 mg/mL. The Selenomethionine (SeMet)-labeled Tli5 protein was also expressed and purified using the same procedure as native Tli5. Crystallization screening of Tli5 was carried out at 293 K using the sitting-drop vapor-diffusion technique. The best crystals of Tli5 were obtained within 10 days under the condition of 0.05 M Ammonium sulfate, 0.05 M BIS-TRIS pH 6.5, 30% v/v Pentaerythritol ethoxylate (15/4 EO/OH). The SeMet-labelled PA3488 crystals were grown under the same condition.
Data collection, structure determination, and refinement
Both native and SeMet-labeled Tli5 crystal data sets were collected at 100 K on the station BL17U of the Shanghai Synchrotron Radiation Facility (SSRF). All the data were processed with HKL-3000. 23 The crystal structure of Tli5 was determined by the single wavelength anomalous dispersion method (SAD). The selenium atoms were located with the program Shelxd and then used to calculate the initial phases in Shelxe. 24 The initial phases were used for automatic model building with the program RESOLVE. 25 Coot 26 and PHENIX. REFINE 27 were used for manually model building and refinement, respectively. The qualities of the final model was checked with the program Mol-Probity. 28 Data collection and refinement statistics are given in Table I . The program PYMOL (The PyMOL Molecular Graphics System, Version 1.2 Schr€ odinger, LLC., New York, NY, USA) was used to prepare structural figures.
SAXS experiments and data analysis
Tle5 and Tle5-Tli5 complex proteins were purified as described above and stored in the buffer containing 20 mM Tris pH 7.5, 150 mM NaCl. Synchrotron SAXS measurements were performed on the BL19I2 station of SSRF. The scattering was recorded in the range of the momentum transfer 0.008 Å 21 < s <0.32 Å 21 , where s 5 4psinu/k, 2u is the scattering angle, and k 5 1.5 Å is the X-ray wavelength. The samples were measured at three different concentrations, 2.0, 4.0, and 6.0 mg/mL. No concentration dependence and aggregations were observed during the measurements. All SAXS data were processed with the program package ATSAS. 29 The experimental scattering profiles from the samples were corrected for background scattering by the solvent, and then were extrapolated to zero concentrations using standard procedures and program PRIMUS. 30 The distance distribution function p(r)
was calculated using the program GNOM. 31 Ab initio low resolution shape restoration was done with the program GASBOR. 19 Six independent runs for each of the program were compared by the program SUPCOMB 32 and those with the lowest normalized spatial discrepancy were chosen as a typical model.
Supplementary Material
The supplementary material consists of two supplementary figures.
PDB Accession Numbers
Atomic coordinates and structure factors of Tli5 was deposited in the Protein Data Bank under the accession number 5XMG.
